Many attempts have been made worldwide to develop methods to identify the areas most threatened by soil degradation. Some soils in afflicted areas may be irreversibly degraded and thus have very little resilience (the ability to restore themselves). For the purpose of assessing the current state of soil degradation in the Czech Republic (CZ) we have developed an overall indicator of land vulnerability to the threat of soil degradation on the basis of individual factors that contribute to soil degradation and are monitored on a long-term basis in various research worksites in the CZ. Individual degradation factors were divided into two groups: chemical and physical degradation. On the basis of principal component analysis, individual degradation factors were assigned a specific weight of influence. With the use of a GIS, the input factors of degradation were combined to create maps of chemical and physical soil degradation, and consequently a map of overall degradation-threatened soils for the CZ, along with a map of areas differentiated according to the prevailing type of degradation. Results showed that, at present, the most important degradation factor in the CZ is water erosion, followed by loss of organic matter. Statistical analysis showed that approximately 51% of agricultural land is moderately threatened in the CZ.
However, from the available published resources, there are evident problems of disunity in their evaluation in individual countries.
In evaluating soil quality, it is important to bear in mind that soil degradation is estimated at about 2 billion ha worldwide, of which 29.7% is agricultural land, 34.8% permanent pasture, and 35.5% is forest and woodland (Oldeman et al., 1991) . The main degradation factors with which we worked in our research include soil erosion, soil compaction, loss of organic matter, soil acidification, and soil contamination.
Soil Erosion
Soil erosion by water is one of the most widespread forms of soil degradation in Europe, affecting an estimated 105 million ha (European Environment Agency, 2003) . In the CZ, the most notable form of degradation is water erosion, which threatens 51.57% of agricultural land (?2.18 million ha) in categories ranging from land susceptible to erosion to most threatened land (Czech Ministry of Agriculture, 2012) . The extent of water erosion is increasing as a result of inappropriate management but also the impact of climatic change (Verheijen et al., 2009) .
Estimates of the extent of wind erosion in Europe range from 10 to 42 million ha (Lal, 1994; European Environment Agency, 2003) . In the CZ, around 14.31% of agricultural land is threatened by wind erosion. This is particularly evident in drier and warmer climatic regions. There is also a threat on heavy clay soils where, after freezing in winter, a breakdown of soil structure occurs. In springtime, when the soil is only minimally covered by vegetation, the soil can easily be blown away in windy weather.
Soil Compaction
Soil compaction, which affects the water infiltration capacity and increases the risk of erosion by accelerating runoff, is a problem on 32% of European soils, and 18% are moderately affected by compaction (Crescimanno et al., 2004) . In the CZ, 49% of agricultural land is threatened by compaction, of which almost three-quarters is threatened by technogenic compaction (due to heavy machinery) and the rest by genetic compaction (due to natural soil characteristics) (Czech Ministry of Agriculture, 2012) . Genetic compaction is typical in soils with higher clay content. Technogenic compaction is dangerous, especially due to its possible occurrence in soils of any grain composition whatsoever. Technogenic compaction leads to compaction of the subsoil and parent material; in heavy soils, this is often combined with genetic compaction.
Loss of Organic Matter
Around 45% of mineral soils in Europe have low or very low organic C content and 45% have medium content (Rusco et al., 2001) . From research performed in the CZ, it is apparent that a reduction in humus content occurs mainly in soils that have been drained and on intensively irrigated land. There is also a danger of loss of organic matter in soils developed on sand and gravel (Czech Ministry of Agriculture, 2012). Soil organic matter, which is the primary source of organic C, plays a major role in maintaining soil function because of its influence on soil structure and stability, water retention, and soil biodiversity and as a source of plant nutrients ( Jones et al., 2012) .
Soil Acidification
Data on acidification, with the loss of base cations through leaching and their replacement by acidic elements, is generally lacking for non-forested soils in Europe. Information from the CZ reports that 43% of the land is threatened by acidification.
Soil Contamination
The European Environment Agency (2007) stated that about 3 million instances of pollution are occurring or have occurred in the past. If the existing trend is to continue and no legislative changes are made, the area of afflicted land could increase by 50%. Contamination of soil in the CZ is primarily a localized problem related to mining and industrial activity. A further problem may occur in flood-prone regions, where fluvisols can be enriched by potential-risk materials. Soil burden with potentialrisk elements is evaluated in the CZ by the Central Institute of Supervising and Testing in Agriculture, and only 0.8% of the entire agricultural acreage exceeds the limits for content of risk elements in the soil.
Among European data there is material from the Commission of the European Communities (2006) that estimates the annual costs arising from soil degradation. This, however, varies greatly due to the lack of quantitative and qualitative data. Overall costs arising from soil degradation, which were judged on the basis of the available data on erosion, loss of organic matter, salinization, landslip, and contamination, could be as high as €38 million yr −1 for the 25 member countries (as of 2009) of the European Union.
Current State of Evaluation of Degradation
In terms of actual evaluation of soil degradation, various study methods are used in individual countries; in the majority of cases, it relates to erosion.
Probably the first attempt to assess soil degradation on a worldwide scale was the Global Assessment of HumanInduced Soil Degradation (GLASOD) evaluation program in the late 1980s, which provided basic data on the worldwide spread and intensity of erosive, chemical, and physical forms of degradation (Sonneveld and Dent, 2009 ). Follow-up assessment focused on South and Southeast Asia (ASSOD) and central and eastern Europe (SOVEUR). However, this assessment does not replace on-site evaluation and analysis of individual values because it is based on expert opinion ( Jones et al., 2003) . A further disadvantage is that, particularly due to a lack of detail, it is difficult to use these results to compare regions and small areas. There are similar programs based on comprehensive questionnaires, e.g., the World Overview of Conservation Approaches and Technologies (WOCAT), which monitors and evaluates knowledge on soil and water conservation for decision-making processes and planning (Schwilch et al., 2011) . In the CZ, where soil characteristics are well elaborated in long-term monitoring, we decided to use these relatively detailed data for overall evaluation of degradation.
Evaluation of the most widespread type of degradation is often performed using various mathematical models, such as the Universal Soil Loss Equation (USLE) developed in the 1930s by the U.S. Soil Conservation Service or the Revised USLE (RUSLE), which can be adapted to mountainous areas with specific slope and rain erosivity parameters (EUSOILS, 2008) , or WATEM/SEDEM, a spatially distributed soil erosion and sediment delivery model combining deposition and erosion developed by the Physical and Regional Geography Research Group (Katholieke Universiteit Leuven, Belgium) (Feng et al., 2010) .
Since the 1970s, satellite remote-sensing data have also been available (Lantieri, 2003) . In the same year, Ostir et al. (2003) stated that remote sensing was being developed as an important tool for monitoring vegetation, erosion, and desertification. It can provide important information and can be related to field data ( Jafari et al., 2008) .
Evaluation of degradation on a broader scale is the focus of land degradation assessment, where indicators are set from a global level to a farm level, e.g., FAO (2003) . Van Lynden and Kuhlman (2002) developed indicators focusing on salinization, nutrient cycles, and soil pollution and suggested that soil quality is the most sensitive land change concept. The choice of indicators has been discussed in a number of studies, e.g., Burning and Lane (2003) described indicators of biodiversity, land condition, and socioeconomic indicators from national to local levels. The commonly used indicators for chemical and physical properties are evaluated for local to ecosystem levels but very often do not include all the degradation influences that we have been concerned with in this study.
Within the European Union, other models are also used for monitoring and evaluation; for example, the CORINE model is used to determine the erosion risk and qualities of the land being studied, produced by photointerpretation of Landsat Enhanced Thematic Mapper+ images (Gallego and Bamps, 2008) . Other models include the Pan-European Soil Erosion Risk Assessment (PESERA) used to predict runoff with links to soil loss by an equation developed by Kirkby et al. (2004) . However, these were created for large areas on the scale of states, and their differentiation potential is therefore minimal. The CORINE model was developed at a base scale of 1:100,000 and the smallest point of differentiation is 25 ha. The PESERA model minimum differentiation is 1 km 2 . It can therefore be used for evaluation of overall landscape development across a large geographic area but is of less use as the basis for the study of degradation at a scale of smaller areas (cadastres).
The aim of our research was to propose an indicator that would be able to specify the current state of degradation threat in the CZ from available data and thus provide information for research and planning organizations for use in soil protection, land use planning, and in planning remedial measures, especially in the most afflicted areas. An indicator should prove or disprove certain estimates of soil degradation and the impact of its individual factors and it should answer the question of how much and at what rate agricultural land is threatened by soil degradation. An indicator should also show that some geographical pattern of soil degradation exists in the CZ, which could confirm the assumption that it is mainly the areas with the most productive land that are endangered.
Material and Methods

Data and Indicators
The first step in creating the model was to select the most appropriate indicators of a degradation threat. After analysis of the CZ and foreign sources, we chose the indicators as described above, which are most responsible for soil degradation in the CZ. Most of these indicators are monitored on a long-term basis in the CZ by various scientific and specialist organizations. Unfortunately, there is neither a uniform format for data nor a uniform method of processing. The majority of data used in our research were from acknowledged databases compiled by the Research Institute of Soil and Water Conservation in Prague and the Central Institute for Supervising and Testing in Agriculture in Brno during the past 20 yr.
The study had at its disposal a database of main soil units and their surface area in individual cadastral regions. Within the CZ there are 13,037 such units, on which the resulting analysis was based. In the CZ, the main soil units are part of a system of evaluated soil ecological units (BPEJ), which assigns a fivenumeral code. This gives information not only about soil type, but also about the morphology of the terrain and climate. In the five-figure BPEJ code (e.g., 5.20.14,) the first numeral indicates the climatic region (5), the second and third numerals indicate the main soil unit (20), the fourth numeral indicates the slope and exposure of the land (1), and the fifth numeral indicates the depth and skeletal structure of the soil (4) (Novotný and Vopravil, 2013) . A further basis for analysis was a research report on the potential threat to individual main soil units from partial degradation factors, i.e., water and wind erosion, compaction, loss of organic material, and soil acidification, in categories ranging from slight to extreme threat. In terms of the threat of wind erosion, an important factor was the climatic region; this problem appears in four regions in the warmer and drier areas identified by the BPEJ numerals 0 to 3 (Novák et al., 2003) .
Evaluation and identification of problematic main soil units were based on characteristics that are included in the database (e.g., for compaction, the characteristics are grain size, mass, soil structure, overall porosity, and individual categories of porosity).
A digital model of the terrain was also a basis for modeling. This influenced the evaluation of the threat of water erosion on individual areas of land. Data on the risk to the soil by potential risk elements came from an extensive database of long-term monitoring performed in individual cadastres in the CZ (up to 11,209 cadastres) by the Central Institute of Supervising and Testing in Agriculture; the actual figures from this monitoring were compared with the current regulation (Czech Ministry of Environment, 1994) .
Data used in our analysis were processed and put into unified form using a GIS for geo-processing and database operation (Fig.  1) . For correct computation, it was necessary to complete data on contamination (some parts of cadastres were not monitored). The ordinary kriging interpolation method was applied in ArcGIS Geostatistical Analyst, followed by cadastre zone assessment to estimate unknown contamination values.
Creating the Degradation Model
In the first phase of research, individual indicators were divided into two groups: physical indicators (water erosion, wind erosion, and compaction) and chemical degradation (heavy metals, acidification, and loss of organic matter).
Because different value scales were applied to individual indicators, each one was transformed into a new scale ranging from 0 to 1 as follows:
where x i,j is the estimated value for the ith factor measured in the jth cadastre and x i,max and x i,min represent the minimum and maximum estimated values, respectively, measured across all cadastres in the CZ. Each indicator ranges from 0 (the lowest contribution to land vulnerability) to 1 (the highest contribution to land vulnerability). A similar approach was described by Salvati et al. (2011) . In computing a new aggregating index, many scientific studies have used some form of the geometric mean of basic factors with no weights assigned ( Jafari and Bakhshandehmehr, 2013) . In our research, a different approach was used. Indicators were studied via principal component analysis (PCA), which reveals the correlation between the indicators expressed by their computed loadings. Individual indicator weights were computed by multiplying the contribution of each indicator (V i ) to the m most important (explaining >10% of total variance) factorial axes by their proportion of explained variance (C k ). The sum of these products for all m main axes represents the individual weight (w i ) attributed to each indicator (Salvati et al., 2011) 
Relative weights (W i ) were then computed by dividing the absolute weights by the sum of the indicator's weights:
In relation to soil degradation, each weight expresses how much the factor contributes to the total distribution pattern of soil degradation in the CZ, thus indirectly describing its overall importance. www.agronomy.org • www.crops.org • www.soils.org threat), but for convenience these were reclassified into seven bands representing increasing levels of degradation threat.
A schematic view of the model is illustrated in Fig. 2 .
Results
The maps corresponding to physical, chemical, and total degradation models are illustrated in Fig. 3, 4 , and 5, respectively. The level of landscape vulnerability to soil degradation ranges in value from 0 (minimum threat) to 1 (maximum threat). One cadastre unit was used as the minimum unit for spatial processing using GIS and database operations. There are 13,037 cadastre units in the CZ.
The weights assigned to the individual factors after PCA multivariate analysis are reported in Table 1 . Weights range from 0.33 (water erosion) to 0.02 (wind erosion), which confirms the assumption that water erosion is the most important threat in the CZ. The statistical distribution of the total degradation threat is shaped symmetrically according to a normal distribution. The average score for TD is 0.448 in a range from 0 (no degradation) to 1 (maximum degradation), with a standard deviation of 0.086. Figure 6 illustrates the result of multivariate PCA in the form of a biplot of the first two principal components.
Analysis of the Most Serious Degradation Influence in Individual Areas
Within all cadastres of the CZ, a statistical evaluation was performed of individually active degradation factors. The most serious was then selected as the typical threat to a given land unit, i.e., cadastre. The resulting map of the most serious threats, and therefore the tendency toward a certain type of threat, is shown in Fig. 7 . From the results described in Table 2 , it is apparent that land in the CZ is widely affected by three main factors: water erosion, loss of organic matter, and acidification. Because of the lower level of the use of lime, the problem of acidification applies generally to the whole country (Klement and Sušil, 2009 ).
The results of descriptive statistical analysis in the form of box plot diagrams for three degradation models are shown in Fig. 8 . 
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Discussion
The aim of our research was to propose an indicator that would be able to specify the current state of degradation threat in the CZ from available data and thus provide information for research and planning organizations to use for soil protection, land use planning, and in planning remedial measures, especially in the most afflicted areas.
Until now there has been no synthetic index of degradation threat that would combine individual degradation factors measured by different organizations in the CZ. It is true that, for individual threats, special maps at low or medium scales (the national level) exist (e.g., PESERA), but these often lack the necessary precision of processing. Thus we concentrated on the available data and tried to prepare a synthetic model of degradation threats using detailed information processed at a local municipality level in the CZ.
We focused on the most significant forms of soil degradation, of which the most serious threat is water erosion, which was also confirmed by PCA to determine the weight of influence (W WAE = 33%). This corresponds with worldwide observations and results from Europe, where water erosion is the most widespread form of landscape degradation .
In the CZ, the most endangering factor is water erosion (51.3% of the prevailing degradation types), followed by loss of organic matter (24.9% of the prevailing degradation types). The third most significant factor is acidification (13% of the prevailing degradation types). Soil acidification is a serious problem, especially in sub-mountainous regions, and in the CZ roughly 25% of agricultural land currently has a soil acidity level below a pH of 5.5. This is due, among other things, to a reduced use of calciferous material in the last 20 yr (Klement and Sušil, 2009) . Addressing this degradation factor is a more realistic proposition than other types of degradation because this problem can be resolved with an increased application of material to alter the soil pH. Therefore the maps of resulting potential soil degradation were drawn up in variants with and without acidification. The least significant factors, in terms of the decisive degradation influence on each land cadastre, are soil contamination and wind erosion, which occur at a level of <2%.
Our results for water erosion correspond with those of the Czech Ministry of Agriculture (2012); moreover, they indicate that when water erosion is a significant problem in the cadastre (an estimated 51.57% of agriculture land is endangered), it is also the most significant problem for this cadastre in comparison with other influences (51.28%). The same applies for soil contamination (0.8% of land endangered and the 0.8% of the degradation threat on that land).
On the whole, CZ soils are mainly endangered by physical degradation, where the vulnerability median for soil degradation approaches 65%, the first quartile equals 54%, and the third quartile 74%, with the maximum reaching 97% (Fig. 8) . Chemical degradation in total is not such a serious problem (the median equals 20%, first quartile 17%, third quartile 23%, and the maximum is 57%). The distribution of the resulting total degradation, combining both physical and chemical forms, has a median of 45%, first quartile of 39%, third quartile of 51%, and a maximum of 73%. Thus we can say that, in total, approximately 50% of agricultural land is moderately threatened in the CZ.
Our approach is based on long-term monitoring of indicators within research worksites in the CZ. Another use of the model will focus on linking the soil degradation model with the results of crop production and an effort to create a scenario of the interdependence of agricultural production and soil degradation in individual regions under various soil conditions. Many researchers have agreed that data on the effects of degradation on global productivity are necessarily very rough. It will also be possible to relate the results to the data of, e.g., Oldeman (1998) , who calculated that global cropland production was 12.7% lower and pasture production 3.8% lower than they would have been without degradation, and that of Pimentel et al. (1993) , who estimated that global production is 15 to 30% lower as a result of all the various effects of soil erosion, and a number of other researchers. It will also be important to create a model of the influence of soil degradation on soil organisms with the use of methodical procedures and results for Europe ( Jeffery et al., 2010) .
There are numerous approaches to evaluating soil degradation and land degradation, and each one has its advantages and disadvantages. We believe that for nationwide scales, our approach is very quick, as precise as possible, and applicable to other environments (with data available), although of course not achieving the accuracy of field monitoring. One way to use the model would be to use it as an input source with the aim of focusing on the areas most endangered by degradation where subsequent field investigation should be conducted.
Of course, we have used the fact that in the CZ, the majority of degradation factors are subject to long-term monitoring at the local level, and by combining these input data we gained a comprehensive picture of the actual degradation threat to the CZ. The advantage of the relatively detailed definition of the model (on a cadastral scale) is the ability to observe the influence of individual levels of degradation on agricultural production on individual areas of land. This could be a limiting factor for the use of the method in other countries, where individual types of degradation are not systematically monitored.
Conclusions
At present, about 51% of agricultural land in the CZ is moderately threatened by much more serious physical degradation factors than chemical factors.
According to PCA, the most serious threat is water erosion (33%), which is also the most prevalent degradation factor across the CZ (51%). Compaction has the second highest PCA weight value (21%) but is not as widespread and prevalent as water erosion (8%). Loss of organic matter is not as important as other factors according to PCA but prevails in 25% of all cadastres.
The resulting maps of degradation also confirm the presumption that the most endangered agricultural soils include the most productive soils in the region of southern Moravia and in central and eastern Bohemia. All these findings provide information for research and planning organizations for use in soil protection, land use planning, and in planning remedial measures, especially in the most afflicted areas. On the basis of the data obtained, the analysis of soil degradation will be further elaborated and refined for the benefit of research and planning organizations in soil protection work.
